We investigated the expression of gap junction connexins26, -32, and -43 in normal, reactive, and diseased human lymphoid tissue with single and double immunolabeling and confocal laser scanning microscopy. In all tissues, C0Mexin43 positivity was detected in follicular dendritic cells positive for CD21 and CD35 antigens, around lymphoendothelial cells moderately positive for Factor VIII, CD31 and cathepsin-D antigens; and somewhat in vascular endothelia including high endothelial venules strongly positive for Factor WI and CD31 antigens. The ultrastructural hallmark of gap junctions, pentalaminar structures with appropriate spacing, was found in follicular dendritic cell processes. Connexin43 was also detected between smooth muscle and stromal cells of the gut, in capsular fibroblasts, and in tonsil epithelium. Neither connexin32 nor -26 was r d e d , except for connex-in26 in the tonsil epithelium. In follicular dendritic cells,
Introduction
Lymphoid tissues are specially organized filters that trap antigens and mobile lymphoid cells in a meshwork of accessory/stromal cells and discontinuous sheets of extracellular matrix (for review see Fossum and Ford, 1985) . Accessorylstromal cells, including vascular endothelial, lymphoendothelial, follicular dendritic (FDC), interdigitating reticular (IDC), and fibroblastic reticular cells (FRC), are an integral part of the lymphoid system and play an important role in antigen and lymphocyte traffic, lymphocyte activation, and differentiation. Sinus lining cells act as "front-line" filters with phagocytic capacity, particularly in antigenic overload (Crocker and Williams, 1984) . FDC with antigen-antibody complexes coupled on their surface by complement and immunoglobulin Fc receptors are crucial in B-cell activation and differentiation (Thorbecke et al., 1994; Lindhout et al., 1993) . IDC expressing MHC I1 mole-' Supported by grants from the Wellcome Trust (TK). connexin43 co-localized closely with the desmosomal proteins desmoplakin and desmoglein, suggesting that cell adherence has a role in gap junction formation. Most con-nexin43 was observed in sinus lining cells of lymph nodes involved in malignancies and in follicular dendritic cells in the light zone of germinal centers where maturing but still proliferating lymphocytes are situated. In the light of their distribution, gap junctions may play a part in regulating the growth of germinal centers and in integrating activating or controlling signals in follicular dendritic and sinus lining cell networks. Because connexin43 is the connexin of stromal cells, finding it in follicular dendritic cells is consistent with the proposal that these cells originate from resident stromal cells. (J Hisrochem Cytochem 43:1125 -1137 , 1995 KEY WORDS: Gap junctions; Connexin43; Follicular dendritic cell; Ontogeny; Lymphoendothelium; Confocal laser scanning microscopy. cules determine the T-cell response (King and Katz, 1990) . These cells can be activated by bacterial and viral antigens or by tumor metastases, which trigger their rapid proliferation and/or expansion (Fossum and Ford, 1985) .
The organized morphological arrangement when accessory/ stromal cells expand on activation is likely to be the consequence of information exchange between individual cells. Adhesion molecules mediating cell-cell and cell-matrix interactions during the immune response (van den Berg et al., 1993) are probably involved, as are cytokines released mainly by lymphoid cells (Butch et al., 1993) . These short-distance interactions are based on ligand-receptor binding. Cytokines dilute as they diffuse outwards, so these two mechanisms may be insufficient to regulate the whole process.
Gap junctions are special regions of the plasma membrane at which integral membrane proteins called connexins form groups of hemichannels (Makowski et al., 1977) . If pairs of hemichannels (connexons) in adjacent cells are aligned, a channel is formed for molecules of less than 1 KD Mr, allowing direct communication between the cells (Bennett and Verselis, 1992; Lowenstein, 1987) . Connexin isoproteins with different molecular weights and partially similar amino acid sequence have been detected in several tissues: liver (Beyer et al., 1987) , heart . skin (Ri-sek et al., 1992) , breast (Monaghan et al., 1994) , uterus (Lye et al., 1993) , brain (Dermietzel and Spray, 1993) , and bone marrow (Rosendaal et al., 1994) . It has been proposed that direct gap junctional communication is involved in the regulation of cell growth (Lowenstein and Rose, 1992) , tissue development (Warner, 1992; Guthrie and Gilula, 1989) , and in propagating electric impulses between heart muscle cells .
In the lymphoreticular system the presence of gap junctions has been reported mainly in cultured hemopoietic cells (Neumark and Huynh, 1989; Porvaznik and MacVittie, 1979; Kapsenberg and Leene, 1979; Levy et al., 1976) and bone marrow stromal cells (Dorshkind et al., 1993; Rosendaal et al., 1991) . Despite reports of gap junctions in bone marrow treated with tannic or gallic acid, their presence there has been disputed (Yamazaki, 1988; Watanabe, 1985; Campbell, 1980; Weiss, 1976) . Recently we demonstrated the pentalaminar structures of gap junctions in stromal cells of regenerating human and mouse marrow (Rosendaal et al., 1994) and identified connexin43 (Cx43). Because accessory/stromal cells outside the marrow also form networks, we looked for gap junctions in normal, reactive, and diseased human secondary lymphoid tissues. Confocal laser scanning microscopy (CUM) was ideal for looking for almost submicroscopic junctions (0.3-0.8 pm diameter) and then phenotyping labeled cells in double immunostained sections 10-20 pm thick.
Materials and Methods
The following tissues were examined: human lymph nodes with reactive changes alone, with diffuse B-cell lymphoma, with Langerhans cell histiocytosis, and with carcinoma metastases, spleen, reactive tonsils, small intestine with mucosa-associated lymphoid tissue (MALT), low grade MALT lymphoma, liver, heart, and vulva. All tissues were fixed in 4% formaldehyde, embedded in paraffin, and filed at the Department of Pathology, Albert-Szent-Gyorgyi Medical University, Szeged, Hungary. Diagnoses of the underlying diseases were based on conventional histology and immunophenotyping. In addition, pieces of normallreactive human spleen, lymph node, and tonsil, and mouse liver and heart were snap-frozen or fixed in Zamboni's fixative (2% paraformaldehyde, 0.2% picric acid in 0.1 M PBS, pH 7.4) for 6 hr and embedded in paraffin or fixed in -70°C methanol and then freeze-substituted and paraffin-embedded. Five-15-pm-thick sections from paraffin-embedded and snap-frozen tissue were mounted on 3-aminopropyltriethoxysilane (Sigma; St Louis, MO) or poly-~-lysine (Sigma)-coated glass slides for immunohistochemistry. Paraffin sections were kept at 56°C for 2-3 hr before immunostaining.
For electron microscopy, small pieces of human tonsil were fixed in a mixture of 1.25Yo paraformaldehyde and 2.5% glutaraldehyde, then postfixed in 2 % Os04 and stained en bloc with 1% uranyl acetate. Thin sections were further stained with Reynold's lead citrate and were studied with a JEOL JM 1010 electron microscope at 80 kV.
Antibodies to Connexins. Antibodies were raised against sequences representing regions specific for each connexin. The production and characterization of rabbit anti-Cx26 immunoglobulins (Ig) (DES3, region 106-119, cytoplasmic loop) and anti-Cx32 Ig (DES5, region 108-119, cytoplasmic loop; GAP9, 264-283, cytoplasmic carboxyl terminus) have been previously described by Evans et al. (1992) . Rahman et al. (1993) , and Monaghan et al. (1994) . Full details of rabbit anti-Cx43 Ig (HJ, region 131-142, cytoplasmic loop) are in . The raising and testing of monoclonal mouse anti-Cx26 Ig (region 101-119; kindly provided by B. J.
Nicholson, SUNY at Buffalo, NY), are reported by Zhang and Nicholson (1989) . Full details of mouse anti-Cx32 (obtained from the Developmental Studies Hybridoma Bank, Johns Hopkins University School of Medicine, Baltimore, MD) are given in Goodenough et al. (1988) . Cx43 monoclonal antibody (MAb) was purchased from Zymed Laboratories (San Francisco, CA; code 2039). The specificity of all antibodies was confirmed by Western blotting.
Pre-treatment and Antigen Retrieval. Frozen sections were post-fixed in 4% paraformaldehyde for 1 hr at 4°C or in methanol-acetone (1:l) solution for 10 min. The paraffin sections were dewaxed and washed in 0.1 M Tris-buffered isotonic saline (TBS) solution, pH 7.4, containing 0.1% Triton X-100 (TBST). To expose intracellular antigen determinants to antibody, tissues were digested with 0.1% trypsin (Difco; Detroit, MI) dissolved in 0.1 M Tris-HCI buffer, pH 7.5, containing 0.1% CaC12 as follows: frozen sections for 3, 5 , 10, or 15 min; Zamboni's-fixed sections for 10 min (Gourdie et al., 1991) ; and formaldehyde-fixed tissues for 5 , 10, 15, 20 or 30 min. Another method to retrieve antigens in formaldehyde-fixed tissues was also tested, microwave cooking either in 0.01 citric acid-sodium citrate buffer, pH 6.0, as recommended by Cattoretti et al. (1993) , or in 0.5 M thiourea, pH 6.3, which proved to more effective for most antigens in our laboratory (unpublished observation). The plastic Coplin jars contained the sections and buffers and had loose caps. They were irradiated in a household microwave oven (Panasonic, 800 W) at medium power once, twice, or three times for 5 min. Between irradiations buffers were refilled. Microwaving followed by digestion was also tried. The sections for immunoperoxidase staining were immersed in 0.1% H202 in methanol for 30 min to block endogenous enzyme.
Immunostaining for a Single Antigen. After washing the sections in TBST, they were treated for 30 min with a blocking solution consisting of 1% bovine serum albumin (BSA; Sigma), 0.1 M lysine-hydrochloride (Sigma), and 0.1% sodium azide (Sigma) in TBST Then the following incubations were performed: (a) with rabbit anti-Cx26 (Des3, 1:300), -Cx32 (Des5 and GAP9, 1:300), and -Cx43 (HJ, 1:300), as well as with mouse anti-Cx26 (1:300), -Cx32 (l:lO), and -Cx43 (1:200) respectively, either overnight (16 hr) for paraffin sections or 90 min for frozen sections; (b) with biotinylated goat anti-rabbitlmouse immunoglobulins (1:200, DUET; Dako, Glostrup, Denmark) for 60 min; and either (c) with streptavidin-biotin-peroxidase complex (1:200, S-ABCIDUET Dako) made 30 min before use, or (d) with streptavidin-FITC (1:200; Dako), for 30 min. Immunostaining of different cell types and matrix components in lymphoid tissues was carried out in the same way. For source and dilution of primary antibodies, see Eble 1. Between incubations the sections were washed three times for 5 min in TBS. All steps were at room temperature (RT). The peroxidase reaction was developed for 3-15 min in an H202 3-amino-9-ethylcarbazole substratekhromogen solution made with 0.1 M sodium acetate-acetic acid buffer, pH 4.6 (Graham et al., 1965) . Sections labeled with fluorescent dyes were mounted with either Vectashield (Vector; Burlingame, CA) or a fluorescent mounting medium (Dako). The average size of labeled gap junctions in different tissues was calculated after measuring randomly selected gap junctions on optically magnified immunofluorescent images. A reliable measurement and comparison could be achieved using the lengthlprofile program of the BioRad SOM software as described by . Histiocytes
All antibodies were from Dako except for goat anti-collagen 111 (Southern Biotechnology; Birmingham, AL). Rabbit anti-desmoplakin (Dpl2) and desmoglein (917) r. rabbit anti-; m, mouse-anti; g. goat anti-; C.111, collagen 111; C.IV. collagen IV; Cat.-D, cathepsin-D.
+ + , strong. or consistent reaction; + , moderate reaction; + -, only a part of the population (occasionally), or very few reaction products; -, negative; *, extracellu-were generous gifts from A.I. Magee (National Institute for Medical Research, Mill Hill, London). Alt CD antibodies were monoclonal except anti-CD3.
lar. surrounding the cells; ?, equivocal.
tional double immunostainings were performed sequentially in paraffin sections.
To double label with antibodies of the same species, it was necessary to avoid unwanted cross-binding. A technique published by was used. After staining with rabbit anti-Cx43 and streptavidin-Texas Red, the sections were microwaved for 20 sec at medium power. Then they were stained with: (a) rabbit anti-F VI11 (1:1000), -cathepsin-D (1:500), or goat anti-human collagen 111 (1:lOO) overnight, and FITCconjugated goat anti-rabbit Ig (1:50. Dako) or rabbit anti-goat Ig (1:50, Dako). For primary antibody source, see Table 1 . Immunofluorescence labelings were studied with a Leica TCS4D CLSM (Leica Lasertechnique; Heidelberg, Germany) in single-and dual-channel scanning modes. A few single optical images were also made with a BioRad MRC-SO0 CLSM (BioRad Microscience; Cambridge, UK).
Positive and Negative Controls. The following tissues were used for positive controls: mouse liver and human vulvar epithelium for Cx26, mouse and human liver for Cx32. and mouse and human heart and vulvar epithelium for Cx43 (Table 2) . As a negative control, non-immune sera from appropriate species and immunoglobulin classes at the same dilution as the primary antibodies were used. No reactions were found in these cases. HJ antibody has been saturated with its antigen and shown to be inactivated (Rosendaal et al., 1994) .
Technical Remarks. In the course of this work we found a number of characteristics of gap junctions that make them difficult to detect in lymphoid tissues. Fixation in a methanol-acetone mixture (1:l) allows excellent reaction with the MAb but unsatisfactory immunostaining with the polyclonal Cx43 antibody. Paraformaldehyde post-fixation preserved stiuc- tural details in frozen sections somewhat better than methanol-acetone but the price was a weak reaction with anti-connndns, despite digestion for 8-10 min with trypsin. In addition, digestion frequently resulted in partial or complete loss of tissue sections. Methanol-freeze substitution and Zamboni's fixation followed by 10-12 min digestion for heart and liver sections or 8-min digestion for lymphoid tissues offered an acceptable compromise between structural and antigenic preservation. Zamboni's fixation provided somewhat better antigenic resolution. Structure was best preserved and gap junctions best resolved and localized in tissues fmed in 4% formaldehyde and embedded in paraffii when the polyclonal antibody was used. However. neither protease digestion alone nor microwaving alone permitted immunodetection of the HJ gap junction epitopes. In formaldehydefixed, paraffin-embedded sections, Cx43 could only be detected when microwaving (three times for 5 min at medium power settings in 0.5 M thiocarbamide) was followed by 8-min digestion with trypsin. Based on the test results (see Table 2 ), mono-and polyclonal Cx26 and -32 antibodies and the monoclonal Cx43 were used in frozen and methanol freezesubstituted lymphoid tissues for systematic study. Polyclonal Cx43 antibody was preferable for tissues fixed either in 4% formaldehyde or Zamboni's solution and embedded in paraffin.
Results
Only Cx43 gap junctions could be detected in lymphoid tissues. Table 1 summarizes the Cx43 reaction and our analysis of cell typespecific markers. Figure 1 shows our findings in a representative lymph node. Our most striking finding was the staining with Cx43 antibody of germinal centers in secondary follicles. There were also chains of this reaction product outside follicles. Throughout lymphoid tissue, the intensity of staining was variable. In paraffin-embedded tissue, polyclonal Cx43 antibody stained the same sites as MAb did in frozen tissue, but slightly less intensely. The reaction products were dots distributed pericellularly. In FDC and lymphoendothelium, the average size of gap junctions (0.51 k 0.14 SD; n = 27) was about half that in heart (1.05 pm 2 0.35; n = 25). liver (1.13 pm * 0.28; n = 22). or smooth muscle (0.98 pm k 0.12; n = 20) (Figure 2) .
Double immunolabeling in secondary follicles revealed that Cx43 staining overlapped the follicular dendritic cell markers CD21 ( Figure 3A ) and CD35. The desmosomal proteins desmoglein &d desmoplakin also co-localized closely with Cx43 (Figures 3B-3D) . Chains of Cx43 and desmosomal reactions surrounded unstained, round lymphocytes in single optical sections (Figure 3D) . When 15 of these 1-pm sections were projected, the processes of FDC studded with Cx43 reaction product were revealed as discontinuous sheets enveloping lymphocytes (Figures 3B and 3C ; see also Figure  6B ). In the follicular mantle zone, Cx43 reaction in chains usually ran parallel with the edge of germinal centers but occasionally towards them (Figures 3B and 3C and see also Figure 6B ).
Cx43 and CD2l were distributed together eccentrically in the germinal center. They were concentrated in the light zone close to the capsule or epithelium. When this area was simultaneously labeled for Ki67, the proliferation marker, centrocytes with slightly irregular cleaved nuclei were found here (Figures 3E-3F) . At the opposite pole there was sparse Cx43 and CD21 staining between the densely packed centroblasts with larger rounded nuclei.
Chains of Cx43 reaction outside follicles were identified in lymphoendothelium, which reacted moderately and discontinuously with antibodies to F VI11 and CD31 (Figures 3G and 3H) . Occasionally Cx43 was seen in high endothelial venules (HEV, Figure  4 ) and other small blood vessels. Vascular endothelium was easily differentiated from lymphoendothelium by its special morphology (HEV) and more intense immunostaining with the antibodies to F VI11 and 0 3 1 .
Ultrastructurally, there were very few pentalaminar structures with an intermembranous spacing of W4-16 nm between the processes of FDC (Figure 5) . Rarely, we observed a pentalaminar structure between lymphocytes, presumably B-cells. However, their membranes were inadequately resolved for us to decide whether there were fine processes of FDC between them.
There were densely stained networks of Cx43 reaction in FDC in reactive lymph nodes, spleen, tonsil, and ileal MALT, as well as in secondary follicles of lymph nodes with Langerhans cell histiocytosis, carcinoma metastasis, Hodgkin's disease, and low-grade MALT lymphoma ( Figure 6 ). The densest Cx43 reaction was found in highly reactive tonsil sections full of large follicles; the least dense reaction was in less-activated lymph nodes. In the T-cell regions positive for vimentin and CD3, a few randomly dispersed, extracellular Cx43 dots were also observed ( Figure 6B ). They could not be assigned with confidence to any type of cell, including interdigitating reticular cells identified with the S-100 reaction.
Lymphoendothelial cells throughout sinuses in lymph nodes, near follicles in MALT, and in splenic white pulp, contained variable amounts of Cx43. The reaction was especially obvious in deep cortical and medullary sinuses in sinus histiocytosis of lymph nodes, where sinus lining cells were proliferating and spreading owing to Langerhans cell histiocytosis ( Figures 7A and 7C) . in mixed-cellularity Hodgkin's disease ( Figure 7B ). in the perifollicular area of reactive tonsils ( Figure 7E) , and in diffuse B-cell lymphoma (Figure 7F ). In these cases the deep cortical and medullary sinuses also stained more or less consistently for cathepsin-D ( Figure 7D ). Gap junctions in tumor cells were not observed in the cases studied.
Outside the capsule of the lymph node, there was Cx43 immunostaining in lymphoendothelial cells of smaller afferent lymphatics and between the smooth muscle cells forming the wall of larger afferent lymphatic vessels. However, in the latter case there was almost no reaction in the endothelium. There was also Cx43 in capsular fibroblasts of lymph nodes and spleen ( Figure 8A ). in the adventitial stromal cells of spleen arterioles ( Figure 8B ). in strands of connective tissue of tonsil and MALT. in stromal and smooth muscle cell processes in the lamina propria of gut ( Figure 8C ). in smooth muscle cells of the muscularis mucosae and exrerna of ileal MALT (see Figure ZC) , and in the basal and intermediate layers of tonsil epithelium ( Figure 8D) . A-D x 660, E,G,H x 440; F x 260. Bars: A-D = 20 pm; E,G,H = 30 pm; F I 50 pm.
Discussion
We found Cx43 gap junction protein in lymphatic tissue. As far as we are aware, this is the first report of gap junctions in the lymphoreticular system outside of bone marrow. In human lymphoid tissue, Cx43 was detected in FDC of secondary lymphoid follicles, in the lymphoendothelial network including afferent lymphatics and sinus lining cells inside organs, and occasionally in vascular endothelium including HEV. Cx43 was also detected in capsular and connective tissue fibroblasts and in smooth muscle and tonsil epithelium, but these probably have less importance immunologically.
Because of the role of FDC in the immune response (for review see Thorbecke et al., 1994) , the characteristic and constant presence of Cx43 in FDC in secondary lymphoid follicles is probably our most important finding. B-cell activation and differentiation, including somatic mutation, isotype switching, clonal expansion, and affinity selection, are initiated by antigen-antibody complexes bound to FDC through complement and immunoglobulin Fc receptors (Thorbecke et al., 1994) . T-helper cells are crucial here, as witness the lack of germinal center formation in athymic mice (Jakobson et al., 1974) . T-cells probably act through released cytokines (Butch et al., 1993) . This study establishes that the expression of Cx43 goes paripassu with the FDC meshwork in the light zone. This is the region at which antigen arrives through the subcapsular sinus and maturing, but still proliferating. B-centrocytes and T-helper cells intermingle (Thorbecke et al., 1994) . The association suggests that gap junctions are functionally involved.
Despite the importance of FDC in B-cell activation, their on- Although Cx26 was found in the upper layer of tonsillar epithelium. neither Cx26 nor -32 was detected elsewhere, even in frozen sections. togeny and development are matters of dispute (Heinen and Bosseloir, 1994; Thorbecke et al., 1994) . The expression by FDC of Cx43, which has also been detected in fibroblasts (Crow et al., 1990 ; see also Dermietzel et al., 1990) and stromal cells (Rosendaal et al., 1994) , supports the view that FDC form locally from resident stromal cells (Heinen and Bosseloir. 1994; Imazeki et al., 1992) versus the monocyte precursor theory (Parwaresh et al., 1983; Szakal et al.. 1983) . Earlier work supporting stromal origin showed that cells with fibroblast-like morphology and mesenchymal phenotype trap immune complexes (Dijsktra et al., 1984) and, in recent work, spleen grafts retained their donor FDC for 6 months after transplantation, whereas all lymphoid cells changed to the host phenotype (Imazeki et al., 1992) . The continuum of Cx43 reaction from periarteriolar stromal cells to FDC in spleen also supports this hvpothesis and is in agreement with the histochemical study of Rademakers et al. (1988) . Furthermore. the absence ofproliferating FDC nuclei (Ki67-positive) initiates against the locally proliferating monocyte theory.
Gap junctions have been found in many tissues (for review see Dermietzel and Spray, 1993) . They are believed to be involved in the growth control of compartments of coupled cells during development (Lowenstein and Rose, 1992; Warner, 1992) and in neoplasia (Trosko et al.. 1993 ). Small molecules have been shown to pass between cells through gap junctions (Bennett and Verselis, 1992; Rosendaal et al., 1991) . If regulatory molecules were thus transported, gap junctions could constitute a logical pathway for metabolic information exchange within the entire FDC meshwork. This would control and coordinate its growth or fine-tune the expression and activity of surface receptors that determine antigen trapping. This indirect role of gap junctions in B-cell activation appears more likely than direct control, because gap junctions bemeen FDC and lymphocytes and between lymphocytes were not convincingly found. However, the question cannot be settled without more work.
In FDC, Cx43 and the desmosomal proteins lie close to one another. This is consistent with the importance of desmosomes and their Ca2+ dependent, cadherin-line anchoring molecules, desmogleins (Nilles et al.. 1991 : Penn et al., 1987 . in gap junction formation (Meyer et al., 1992; Jongen et al., 1991) . Our desmoplakin antibody gave strong and specific reactions in FDC and in tonsil epithelium, but only sparse staining in lymphoendothelium. Schmelz and Franke (1993) found strong desmoplakin reaction in lymphatic vessels. The ultrastructural appearance and protein composition of "true" desmosomes in FDC may differ from those found in lymphoendothelium. and the difference might not be recognized with the antibody they used.
Fitting our and other findings together, we propose that the initiation of germinal center formation by antigen-antibody complexes may signal resident stromal cells to differentiate. They cease to produce vimentin and most matrix proteins but express Fc and complement receptors (Thorbecke et al., 1994) , desmosomal proteins (Franke and Moll, 1987) . adhesion molecules such as VCAM-1 and ICAM-1 (Koopman et al., 1991) , and Cx43 gap junctions. During this process, FDC probably proliferate to a limited extent, expand, and arborize to form discontinuous sheets and processes that envelop lymphocytes, link with other FDC by desmosomes, and probably communicate through gap junctions.
Ultrastructurally, we found pentalaminar structures characteristic of gap junctions Dermietzel et al., 1990) but could not discriminate between the outer leaflets of cell membranes in the presumed junctional areas. The measurement of distance between the neighboring cell membranes (m14-16 nm) supports our suggestion that they could be gap junctions. Despite the high density of the immunofluorescent Cx43 reaction, very few gap junction-like structures were found in germinal centers, which may explain why they have not been noted before. Again, to detect pentalaminar structures, cell membranes must be aligned perfectly perpendicular to the cut surface, which is very difficult in such a highly irregular tissue as the lymphoid. It is also possible that only a part of the detected junctional proteins represent aligned junctions. We also calculate that at one time m60,OOO-fold more tissue is examined by confocal microscopy than by electron microscopy.
Although electron microscopy did not provide ideal support, immunohistochemistry gave unquestionable evidence for the presence of gap junctions in lymphoid tissue. The antibodies used in this study have detected Cx43 gap junctions specifically in sections and blotting membranes of other tissues (Rosendaal et al., 1994; Gourdie et al., 1991) ; the monoclonal and polyclonal antibodies labeled the same structures in lymphoid tissues, and none of the negative controls labeled germinal centers, including all the mono-and polyclonal antibodies for other connexin types. This indicates that the Cx43 reaction cannot originate from nonspecific Fc receptor binding, as may occur in some cases (Krengcs et al., 1991) .
Cx43 has been reported as one of the gap junction proteins in vascular endothelium, as were Cx37 (Reed et al., 1993) and Cx40 (see Dermietzel and Spray, 1993) . In lymphoid tissue we rarely detected Cx43 in vascular endothelium identified with strong F VI11 and CD31 reactions, except in some postcapillary venules (HEV) and the endothelium of small blood vessels. Factor VIII-specific antibody has been considered in earlier works as a vascular endothelial marker (Beckstead et al., 1985) . Some recent reports mention F VI11 and CD31 reaction in lymphoendothelial cells as well (Ramani and Shah, 1993) . In frozen sections and pre-treated paraffin sections, we also found the sinus lining cells clearly positive both for F VI11 and CD31 antigens, but the reactions were much weaker than those in blood vessels and were discontinuous. In lymphoid tissue, gap junctions were mainly detected in lymph vessels that contained few or no red cells and possessed the typical morphology, with reticular cells criss-crossing their lumen.
The phagocytic capacity of cells that make up lymphoid sinuses increases from sinus lining cells to sinus reticular cells and macrophages (Crocker and Williams, 1984; Forkert et al., 1977) . The ultrastructure and the enzyme profile of sinus lining cells varies in different regions. Phagocytic activity, reflected by a-naphthyl acetate, acid phosphatase, and P-glucuronidase (Crocker and Williams, 1984) . and by cathepsin-B and -D immunoreactivity, is greater in the deep cortex and medulla than in the subcapsular region. Cx43 expression is similar. The sinus lining cells, rather than the sinus reticular cells in the deep cortex and medulla, show prominent Cx43 expression, particularly in antigenic overload. Increased Cx43 expression in "activated" sinus lining cells may reflect the involvement of gap junctions in the control and/or regulation of their function throughout the coupled cell network.
In the scientific literature there is no indication of the presence of gap junctions in lymphoid tissues except in one work studying rabbit lymph node ultrastructurally (Compton and Raviola, 1985) . However, gap junctions were noted only between marginal sinus endothelial cells. There we found the least dense Cx43 reaction in the sinus lining cell network.
For a successful reaction with a polyclonal antibody specific for the intracytoplasmic region of Cx43 protein, native tissues or special fixation have been previously employed Gourdie et al., 1991) . Picric acid, a precipitating agent in Zamb o d s fixative, avoids strong cross-linking of proteins by formaldehyde (Pearse, 1980) , enabling Cx43 epitopes to be revealed after a single digestion step with trypsin. In addition to some frozen or specially processed tissues, a bank of reactive and diseased human lymphoid tissues processed in formol-paraffin offered convenient material to study gap junctions systematically. However, in tissues fixed in formaldehyde, only the combination of the wet heat pre-treatment given by microwaving (Shi et al., 1991) and protease digestion (Gourdie et al., 1991) could unmask the hidden intracytoplasmic HJ epitopes. On theoretical grounds, we suggest that the moderate but general hydrolysis provided by microwaving (Cattoretti et al., 1993; Shi et al., 1991) might make Cx43 antigen more readily accessible to the subsequent specific hydrolysis with trypsin (Mepham et al., 1979) . The resulting reaction provided the best resolution of antigen localization, with dot-like products that resembled the gap junction reaction pattern demonstrated in other tissues (Rosendaal et al., 1994; .
Unlike the monoclonal Cx43 antibody, the polyclonal one worked very poorly in undigested tissues, even when they were frozen or methanol freeze-substituted. Possibly the HJ epitope is naturally embedded and hidden, as there is no cross-linking of proteins by fixation in methanol/acetone (Pearse, 1980) . This natural masking effect, together with the strong cross-linking of proteins by formaldehyde (Puchtler and Meloan, 1985) , may explain the need for harsh pre-treatment in formol-paraffin sections.
Gap junctions found in lymphoid tissue were smaller and even more vulnerable to the process of immunostaining than those found in heart , liver, or smooth muscle. Although the accuracy of the measurement can be criticized, it gave acceptable data for a relative comparison. The confocal effect proved to be invaluable in antigen co-localization and reconstruction of the distribution of gap junctions at the limit of light microscopy in the entire thickness of -15-pm sections, with a resolution well beyond that of the conventional fluorescent microscope .
In conclusion, Cx43 gap junctions have been detected for the first time in lymphoid organs. Gap junctions in FDC deserve attention because they may provide another pathway for fine regulation of the humoral immune response in addition to the receptor-ligandmediated extracellular communication involving cytokines and adhesion molecules. This could be accomplished through indirect control on the proliferation/differentiation process of activated B-lymphoctyes by integrating FDC functions through the entire FDC network. Likewise, there may be a role for gap junctions in the regulation of growth and proliferation of sinus-lining lymphoendothelial cells. In light of the steady growth of the connexin family and the fact that multiple connexin expression is a general phenomenon in most tissues (Dermietzel and Spray, 1993) , the detection of other gap junction isoproteins can be predicted also in the lymphoid system as soon as satisfactory antibodies are available.
